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A temperature-measuring

SUMMARY

systemusingtwosonic-floworificesin
seriesisdescribed.Thissystemwasadaptedtomeasuretheexhaustgas
temperatureofanefterburningjetengineandwasmountedina swinging
pitot-staticprobe.Thesonic-floworificesystemhadonlya small
variationintemperatureatthethermocoupleandtemperaturechangewas
measuredasa changeinpressure.Thecharacteristictimelagofthe
sonicorificesystemwas0.045second.Measurementofexhausttempera-
turesof 3~0R wasobtainedduringafterburneroperationinflight.

INTRODUCTION

Duringtheflighttestsofprototypeaircraftanaccuratedetermi-
nationoftheairfrsmedragisfrequentlydesired.Tomeasurethedrag
inflightitisnecessarytodeterminetheactualpropulsiveforce
existingontheairplane.Thisthrustdeterminationiscomplicatedwith
high-powerturbojetenginesusingafterburnersforthrustaugmentation.
Thenecessityofprovidingcoolingairforbothairfiemeendenginehas
resultedinccmplexengineinstallations.It isverydifficulteither
toassesstheactual.performanceoftheengineorto investigateper-
formancelossescausedby thecoolingairflow,withoutknowledgeof
thetotalexitmassflowendmomentum.

Thetotaljet-exitmassflowmaybe obtainedby twomeans.The
firstmethcxlwould%e to instrumentallinletsendsumup allthese
individualmassfluws,whilethesecondmethodwouldbe todetermine
themassflowatthefuselageexitplanebymeasuringthepressureand
temperaturedistribution.Thefirstmethtireqpiresa largeramountof
instrumentationanderrorscouldresultfromleakagebetweenthemeas-
uringstationandtheexit.As a resultofthesedifficulties,a
completefuselageexitsurveyisusedattheAmesAeronauticalLabora-
tory.Thismethodisbasedontemperatureandpressuresurveyatthe
fuselageexit(ref.1)obtainedbyuseofa swingingprobetraversing
thejetregion.(Seefig.1.)
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Themethodoutlinedinreference1 isa reliablemeansfordeter- “
miningthethrustofan installedengineinflight;however,themess- :,
urement oftherapidtemperatureriseattheedgeofthejetwiththe
swingingprobereqtireda thermocouplewithzerotimelagcapableof
withstandingafterburnertemperatures.Tousetheshieldedchromel-
alumelthermocouplesystemdescribedinreference1, itwasnecessary
touseground-determinedresponsecharacteristicsintheworkupofthe
dataandtoapplylargecorrectionsto themeasuredtemperatureto
obtainthetruetemperature.Sincetherewassomedoubtaboutthepre-
cisionofthesecorrections,a deticewhichalloweda moredirectmeas-
urementofthetemperaturewasdeveloped.Thisdeviceis similarto
thatdescribedinreference2. Twosonic-flowcxrificesoperatein series
suchthatthestiesmtemperaturechangeismeasuredas a changeinpres-
sure.Thenecessaryreferencetemperaturemeasurementsaremadeinthe
regionofrelativelyconstanttemperature.

Thepurposeofthisreportistodiscusstheuseofthesonic
orificeprobetodeterminethetemperaturevariationacrossa jetengine n

exhaustwithafterburningandtopresentsomeresultsillustratinguse
ofthisprobe. L.

NOTATION

A

D

hp

k

M

P

pT

R

r

T

v

w

orificearea,sqft

dismeteroffuselsgeexit,ft

flightpressurealtitude,ft

constant

flightMachnumber

totalpressureintailpipe,lb/sqYt

totalpressureatorifice,lb/sqft

gasconstant,1715sqft/0sec2

distancefkcxnjetcenterlinetoprobelocation,

totaltemperature,%

volumeinthesonicflowchsmber,cuft

massflowthroughtheorifice,slugs/see

ft

,
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r

P densityofgas,slugs/cuft

Y ratioof specificheats

Subscripts

1 orifice1

2 orifice2

i initialconditions

fs freestream

tp tailpipe

DESCRIPTION

Theprincipleuponwhichtheoperation
probeisbasedispresentedinreference2.
forsonicflowthroughan orifice:

ofthesonic-floworifice
Thisaualysisstatesthat

Y+l
*=

()
7+1 2(7-’)

“Ptip (1)

Evidencepresentedinreference2 indibatedthatfora givengasthe
valueof 7 maybe assumedconstant.If thegasconstant(R)isalso
assumedtobe constant,thenequation(1)maybewritten:

~ PTA
w=

r T
(2)

where k isa constant.Thus,itwillbenotedthatfora givenori-
ficeofarea A, ifthemassflow,w, andtotalpressure,PT,areknown,
itispossibletocalculatethetotaltemperature,T. Whentwosuch
orificesareplacedin seriessothessmemassflowmustpassthrough
bothorifices,itispossibletoequatetheequation(2)foreachori-
ficeaudcombinethemtoobtainthefollowing:

k= ‘lA1. k2pT~A2.
K E

or
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“‘T’(%j%$ii (3)

Itwillbenotedinequation(3)thatanunknowngastemperaturecanbe
determinedfromconditionsmeasuredatthesecondorifice,providedthe

(2)
.—

effectivesrearatio,&&j ce,ube c~ibrated.It isworthwhileto

notesucha devicecanbemaderelativelyfreefromradiationandcon-
ductionerrors,normallyassociatedwithtemperaturemeasurements,by
maintainingthetemperatureT2 ata luwvalue(inthesetestsabout
750°R). -

A drawingofthesonic-flowchamber,withitstwosonicorifices,
developedtomeasurethejettemperatureis showninfigure2. Photo-
graphsoftheprobeshowingthetypeofconstructionareshownin
figure3. Theprobeas showninthesefiguresalsoincludesthetotal-
andstatic-pressureorificesforthestandardsurveyprobe;thus,the
threemeasurementsareessentiallyatthesameradiusofthejet. The
totalpressureorificeforthejetandthefirstorificeofthesonic
chsmberarelocatedonthesphericalnoseoftheprobeintheseinever-
ticalplaneendequallyspaced15°aboveandbeluwthestagnationpoint.
Thefollowingrequirementswereincorporatedintheprobedesignto
assuretheconditionsof’equation(3)weremet: (a)a smallvolumewas
maintainedbetweenthetwoorificesto insurerapidresponseduring
largechangesofpressureendtemperatureaheadofthefirstorifice,
(b)orificesizeswereselectedtoassuresonicflowthroughbothori-
ficeswiththepressureratiosavailable,(c)coolingofthegasbetween
thetwoorificeswasprovidedsothetemperaturevariationatthesecond
orificewouldbe smallendcouldbemeasuredwitha standardthermo-
couple,and(d)a pressuretransducerof smallinternalvolumewasused
tomeasurethetotalpressureatthesecondorificeasthetransducer
volumeactsasa sourceora sinkandhencethemassflowthroughboth
orificesisnotthessmeduringrapidpressurechenges.

TheresponsetimeofthethermocoupleisrelativelySIGWsothe
amountoflaginthesystemcanbereducedbyminimizingthetemperature
changetowhichitis subjected.In an endeavwtokeepthetemperature
changemeasuredby thethermocoupleatthesecondorificeas smallas
possible,aheat-source-~ecoolerconsistingofa honeycombmetalblock
wasmountedwithinthechamber.In thisinstallation,themaximumchange
inthethermocoupletemperaturewaslessthan10°R. Sincetheoperation
ofthesonic-flowdeviceisbasedonmassflowandnotvolumeflow,the
gainorlossofheatbetweenthetwoorificesdoesnotinvalidatethe
equationsused,to domputethejettemperature.

Thespeedofresponseofthesonic-flowthermometerisdependent ,,
on V thevolumebetweenthetwoorifices(includingthevolumeasso-
ciatedwiththepressure-measuringdevice).Thecharacteristictimelag
oftheinstrument,basedona discussioninreference3,maybe expressed
as:

.—- . — —
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Solvingtheaboveexpressionfortheconditionsusedinthisinvesti-
gationindicatesa characteristictimelagof0.0063secondduring
afterburner-offoperation.Combiningthislagwiththeover-alllagof “
thepressure-measuringsystemwouldindicateamaximumlagofo.ok5
secondforthesonicorificeprobe.

INSTRUMENTATIONAl!JDASSUCIA!I’EDEQUIPMENT

Tomeasurethetotalpressureatthesecondorifice,amodified
Stathamflushpressuretransducer(modelP-81)wasmountedatthetop
oftheswingingarmandconnectedtothesonic-flowchamberby a l/32-
inchhypodermictubing.Themodificationtothetransducerconsisted
ofmountinga chamberofnearzerovolume(theinternalheightofthe
chsmberwas0.003inch’)abovetheflushsideofthetransducerwhichwas
thenconnectedtothehypodemnictubing.

Thetemperatureofthegasat thesecondorificewasmeasuredby
an iron-constsntanthermocouplemountedjustbehindtheorifice.The
thermocouplewasmountedat thispositionto-avoidthedifficultiesof
sealingthechamberifthethermocouplewireswerebroughtthroughthe
chsmberwalls.Theoutputfrom.thethermocouplewasconnectedtoa
miniatureself-balencingpotentiometer(ref.4)andtheresultingsignal
recordedonan oscillograph.

StandardNACAphotographicrecordinginstrumentssupplementedwith
a Consolidated36-chenneloscillographandcorrelatedby a commontimer
circuitwereusedtorecordtherequiredmeasurementsduringa testrun.
Therecordingsystemforthetotalendstaticpressureswasthesameas
thatdescribedinreference1. A 12-1/2-footnoseboomwasmountedon
thetestairplaneto obtahreliablevaluesoffree-streemquantities.

To assurea sonicvelocitythroughbothorifices,thetubeleading
fromthesonic-flowchamberwasconnectedtoa standardlaboratorytype
high-vacuumpump. In thepresentinstallationinanF-94Cairplane,the
pumpislocatedinthenoseoftheairplaneandis connectedtotheprobe
by a 3/4-inch-dismetertube.An electricallyoperatedvalve,placedin
thelineata pointneartheprobe,remainedclosedwhenevertheprobe
wasinoperative,thusenablingthetubefhm thevalveto thepumpto
actasa vacuumchsmber.Thischamberhadsufficientvolumesothatthe
pressurechangesatthesecondorificeduringa probetraversewere
small.Thispressurewasmaintainedat 70poundspersqyarefootabso-
lute.Thevalvewasopened5 to 7 secondspriortothestartofthe
probetraver$etoassuretheestablishmentofuniformflowthroughthe
sonicorificesbeforethedatarunwasstarted.Thecapacityofthe
pumpwassufficienttomaintaina pressureratioacrosseachorifice

.
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of sufficientmagnitudeto insuresonicflowandbe ableto overcome
anypressurelossesinthepressurelinerunningfromthepumptothe
probe.

CALIBRATION
.

To obtaintheeffectiveorificearearatio,the
()
* termin
k&

equation(3),a seriesofrunswasmadeonthegroundwhereallthe
. quantitiesintheequationwereknownexceptthearearatiosquared.

Thesetestsindicatedthattheeffectivearearatiosquaredforthis
probedimensionwas0.061.Thedifferencebetweenthisvalueandthe
geometr~carearatiosquared(0.086)couldbe theresultofthebound-
arylayerreducingtheareaoftheorificeor oferrorsinmanufacturing
sinceonlygeneralmachinepracticewasusedduringtheconstructionof
*heprobeandtheorificedischargecoefficients. *

A staticcalibrationofthesonic-flowprobewasmadeina variable
temperaturefurnace.Theprobewasmountedsothatjustthenoseofthe
probewasinthefurnaceandtheoutletofthesonicchamberwascon-
nectedtoa vacuumpump.“Sincetheconditionswerestaticduringthis
calibration,standardlaboratorypressuread temperaturemeasuring
equipmentwasused. Certabiconditionsduringthestaticcalibration
differed?&muthoseduringflighttests;nemely,thestresmvelocity
aheadoftheprobeandthetemperaturegradientsalongtheprobe.As
mentionedinreference2 fora streamvelocitynearzero,a portionof
theairenteringthefirstorificehasbeendra- frcmneartheprobe
surfaceandmaybe cooledby thissurface.Thus,thetemperatureof
theairsampledmaybe lessthenthefurnacetemperature.Becauseof
thetemperaturegradientsalongtheprobeduringthefurnacecalibration,
thethermocoupleformeasuringthetemperatureofthegasat thesecond
orificewasmountedattherearendofthecooler,thusitwouldmeasure
thetemperatureofthegasmoreaccuratelythanatthemorerearward
location.Theresultsofthisfurnacecalibrationarepresentedin
figure4. Theageementbetweenthemeasuredtemperatureendthefurnace
temperature(standarddeviationofthescatterequals*10.5°F) indicates
theeffectoftheaforementionedquantitiestobe smallandtherefore
thesonic-flowprobecanbeusedsatisfactorilyasa static-temperature
probe.

TYPICALTESTDATA

..-. — . . . . .

Theevaluationofthesonic-flowprobeas a dynsmictemperature
probewasmadeinflightandisbasedona canparisonofmeasured
temperatureandpressureprofilesinane-ust jet. Scmetypicalpro-
filesoftotalpressuresndstagnationtemperaturearepresentedin
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figures5 through8. Figures5 and6 areprofileswiththeafterburner
operatingatflightMachnunbersof0.63and0.82at25,000feetaltitude.
Thesecurvesshowthatthetemperatureandpressureprofilesaresimilar,
whichisasexpected,andindicateanabruptriseintemperatureand
pressureat theedgeofthejet. Thesecurvesindicatea temperature
intheafterburnerofabout3200°R andthedatapoints-indicatea
scatter,inthelevelportionofthecurve,ofabout*100°R. As there
isno othermethcxlavailabletomeasurethegastemperatureinthejet
duringafterburneroperation,to checkthevaluesmeasuredby theswing-
ingprobe,thefree-streamtemperaturehasbeenspottedonthecurves
asa verificationoftheinitialandendtemperature.Thesefree-stream ●

temperatureswee withthosemeasuredby thesonic-flowprobe.The
temperaturesmeasuredby thesonic-flowprobeshouldbe a fewdegrees
higherthanthefree-stresmtemperatureduetothefactthatthesonic-
flowchamberismeasuringthetemperalmreoftheboundsry-layerair
whichisheatedslightlyas itflowsaftalongthefuselage.

Figures7 and8 areprofilesofthetemperaturesndpressuremeas-
uredwiththeafterburneroffatflightMachnumbersof0.63and0.80.
Thesedataaresimilarin shapetothoseshowninfigures5 and6 forthe
afterburneron. Themaximumtemperaturewiththeafterburneroff,how-
ever,wasonly2000°R. Theafterburner-offdataindicateanasymmetry
inthejettail-pipeflowonoppositesidesofthejetcenterlinewhich
isnotdependentondirectionofprobetraverse.Thisasymmetryis
believedtobe an enginecharacteristicandnota probedeficiencyas
othertestshaveindicatedjetenginesmayhaveasymmetricexhaust
distributions.“

Itwillbenotedinthesefiguresthatastheprobeentersthejet
(negativevaluesof r/(D/2))thereisauabruptovershootinthemeas-
uredtemperature.Thisisattributedtodifferentlagcharacteristics
forthefree-stresmtotalpressuremeasurementand’thepressuremeasure-
mentinsidethesonicchember,P=. Thedifferenceinlagisduetothe
smallsizeofthefirstorifice,andcanbe seeninfigure9(a),which
presentspressureprofilesobtainedfrcma surveyofthejetinboth
directions.As theovershootinthemeasuredtemperatureoccursover
a smallrangeofthefuselageexit,itwouldbe possibleinpracticeto
fairthedatawithoutusingthesepoints.Anotherpossiblewsyofover-
comingthislageffectwouldbe to swingtheprobebothdirectionsand
usethebestportionsofbothsurveys.Temperatureprofilesofthejet
withtheprobeswunginbothdirectionsarepresentedinfigure9(b).

Thesonic-flowtemperaturemeasuringdevicehasbeenusedtodeter-.
mineapproximately100profilesofthetypeshowninfigures5 through9.
Of theseprofilesabout25werewiththeafterburneron. Basedonthe
teststodateandtheknownuncertaintiesof
thesonic-flowtemperature-measuringsystem,
completesystemisestimatedtobefrom3 to
value.

thevariouscomponentsof
theuncertaintyofthe
5 percentofthetemperature
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Duringthedevelopmentofthesonic-flowtemperature-measuring
device,otherpossibleusesforthistypeoftemperaturemeasuring
systemwerediscussed.As thissystemdeterminesthestagnationtem-
peraturewithouttheeffectofa temperaturerecoveryfactor,itcould
beused,inconjunctionwitha simplecomputerforMachnumbercorrection,
as a free-streamstatic-temperatureindicator.Anotherpossibleuse
wouldgivea continuousindicationofthetail-pipetemperatureduring
afterburneroperation.Suchan applicationwouldrequiretheprobeto
bemountedona cooledstrut.Thistypeofan indicationwouldanew
thepilottometerthefuelflowtotheafterburnerto obtainthemaxi-
mumrangepotentialityfromhisavailablefuel.

CONCLUDINGIEMARKS

Thedevelopmentofthesonic-flowtemperature-measuringprobeas
describedinthisreporthasr,esultedina satisfactorymethalformeas-
uringthetemperaturedistributionintheexhaustofa jetenginewith
afterburning.A staticcalibrationoftheprobeina controlledfurnace
indicateda standemddeviationoftheerrorstobe*10.5°F. Thechar-
acteristictimelagofthesystemwasevaluatedtobe 0.045second.
Thistemperature-measuringsystaimprovedthereliabilityendreduced
thecaqyxtationaltimerequiredofthepreviouslyusedsystem.This
systemalsoreducedtheuncertaintyinthenetthrustmeasurementsto
lessthan5 percent.

AmesAeronauticalLaboratory
NationalAdvisoryCommittee

MoffettField,Calif.,
forAeronautics
Msr.9, 1956

1. Rolls,L. Stewart,
ThrustinFlight
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(a)Unassembled. A-X139

A-19600
‘(h)Assembled.
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Figure3.- Photographof surveyprobe.
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